Background: TAp63 is a tumour-suppressor protein that is often underexpressed in various types of cancer. It has been shown to activate gene transcription depending on the transcription domain and to be closely related with metastasis. In this study, we demonstrate that TAp63 suppresses metastasis in colon cancer cells through microRNA-133b.
The major problem of malignancy is cancer metastasis. Epithelialmesenchymal transition (EMT) is a key step of cancer metastasis (Loboda et al, 2011) . P63, a member of the p53 tumour-suppressor gene family, has been shown to have an important role in EMT and metastasis (Zhang et al, 2014) , and the expression of epithelial and mesenchymal markers, such as E-cadherin and vimentin, have also been identified as directly correlated with p63 (Choi et al, 2012) . Due to the presence of two different promoters, P1 and P2, the protein isoforms of p63 can be divided into two classes: the transactivating TAp63 isoform and the inhibitory DNp63 isoform (Ortt and Sinha, 2006) . Depending on the transcription domain, TAp63 was able to activate gene transcription and induce cell cycle arrest and apoptosis (Serber et al, 2002; Gressner et al, 2005) . Based on these features, TAp63 has been shown as closely related with EMT and metastasis (Anura et al, 2013) . Moreover, it has been reported that TAp63 is a transcriptional activator of certain microRNAs (miRNAs) (Knouf et al, 2011; Wu et al, 2012) . TAp63 can inhibit EMT and metastasis by the transcriptional regulation of miRNAs (Tran et al, 2012) . Indeed, TAp63 is able to regulate the expression of miR-205, which is essential for the inhibitory effects of TAp63 on EMT (Tucci et al, 2012) . In agreement with its feature of repressing metastasis, TAp63 is often downmodulated in various types of cancer (Lo Iacono et al, 2011) .
RhoA, a protein known to have a critical role in amoeboid invasion, also shows a strong correlation with EMT (Gulhati et al, 2011) and metastasis (Struckhoff et al, 2011) . It has been reported that the expression of RhoA is elevated when EMT is actively occurring (Tavares et al, 2006) . Further functional studies have demonstrated that inhibiting RhoA mRNA by siRNA can repress both endothelial activation and mesenchymal invasion (Kanlaya et al, 2013) . RhoA has become known as an EMT regulator. Recently, some miRNAs have been shown to contribute to EMT by targeting RhoA (Yau et al, 2013) . For example, miR-155 can suppress TGF-b-induced EMT through the targeting of RhoA, and it can repress cell migration and invasion (Kong et al, 2008) . , an important tumour suppressor , participates in the migration and invasion of certain types of cancer through the post-transcriptional regulation of the target gene (Wen et al, 2013) . It has been reported that miR-133b is able to suppress metastasis by targeting RhoA (Qin et al, 2011) . And we have previously reported that miR-133b expression is greatly downregulated in human colon cancer cells, inhibiting the growth of colon cancer cells in vitro and in vivo (Hu et al, 2010) .
In the present study, we show that TAp63 expression is downregulated in human colon cancer, leading to the transcriptional regulation of the expression of miR-133b. Moreover, we proved that the effects of TAp63 on RhoA, E-cadherin and vimentin are mediated by miR-133b and that TAp63 is able to inhibit cell migration and invasion through miR-133b. Our data suggest that both TAp63 and miR-133b may be potential biomarkers for diagnosis of colon cancer metastasis and provide unique therapeutic targets in this common malignancy.
MATERIALS AND METHODS
Main cell solutions and reagents. Human colon cancer cell lines HT-29 and SW-620 were purchased from the Cell Center of Xiangya School of Medicine, Central South University (Hunan, China). Human normal colon cell line CCD-18Co was purchased from ATCC (American Type Culture Collection, Manassas, VA, USA). Both miR-133b mimics and inhibitor were synthesised by Shanghai GenePharma Co., Ltd (Shanghai, China). The transfection reagent Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA, USA). P63 rabbit monoclonal antibodies were purchased from Abcam (Cambridge, UK). RhoA rabbit polyclonal antibody, E-cadherin rabbit polyclonal antibody and vimentin rabbit polyclonal antibody were all purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). GAPDH rabbit polyclonal antibody was purchased from Proteintech Group, Inc. (Chicago, IL, USA). The Alexa Fluor 488 Goat Anti-Rabbit IgG used for immunofluorescence was purchased from Invitrogen. The Chromatin Immunoprecipitation Kit was purchased from EMD Millipore Corporation (Billerica, MA, USA). A transwell system (24 wells, 8 mm pore size with poly-carbonate membrane) was purchased from Corning Costar (Tewksbury, MA, USA). Matrigel was purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Tissue specimens. Fifty cases of colon cancer tissues and paired counterpart normal tissues were collected from patients who underwent a surgical resection of colon cancer at the Third XiangYa Hospital of Central South University (Hunan, China) after informed consent was obtained, and the tumour identity had been verified by a pathologist. All specimens were stored at À 80 1C immediately until further processing. The study was approved by the ethics committee of the Third XiangYa Hospital of Central South University. Patient consent was obtained both from the patient and the patient's families.
Plasmid construction and transfection. The pIRES2-ZsGreen1 vector was used to construct a pIRES2-ZsGreen1-TAp63a vector, and the full-length cDNAs for TAp63a were used as the template. Using the pIRES2-ZsGreen1-HK (non-targeting control sequence) plasmid as a control, HT-29 and SW-620 cells were transfected with pIRES2-ZsGreen1-TAp63a or pIRES2-ZsGreen1-HK using Lipofectamine 2000.
RNA isolation and reverse transcription-PCR. Total RNA was isolated using an E.Z.N.A. Total RNA Kit II (Omega Bio-Tek Inc., Norcross, GA, USA). miRNA was isolated using an E.Z.N.A. PF miRNA Isolation Kit (Omega Bio-Tek Inc.). Large RNA reverse transcription was performed using the RevertAid first-strand cDNA synthesis kit (Thermo Fisher Scientific Inc., EU, Lithuania). MiRNA reverse transcription was performed using an All-in-One miRNA qRT-PCR Detection Kit (GeneCopoeia, Rockville, MD, USA). Reverse transcription-PCR was performed using RT-PCR Reagent (Cowin Biotech Co., Ltd., Beijing, China). The primers utilised for cDNA amplification are summarised in Table 1 . The primers for TAp63 detected all a, b and g splice variants except for the DN isotypes. Primers for miR-133b and U6-snRNA have been described previously (Hu et al, 2010) . The reaction conditions were as follows: an initial 10 min at 95 1C, followed by 40 cycles of 20 s at 95 1C, 15 s at 59 1C, and 30 s at 72 1C. After 40 cycles, the standard PCR reaction mixture underwent a final extension for 5 min at 72 1C, while the quantitative PCR mixture underwent a melt curve to validate the reaction product specificity. For standard PCR, reaction products were detected using 2% (in 1 Â TBE) agarose gel electrophoresis. Each sample was amplified in triplicate.
Quantitative real time-PCR. Quantitative real time-PCR (qRT-PCR) was performed using Real-Time Quantitative PCR SYBR Green detection reagent (Cowin Biotech Co., Ltd.). miRNA qRT-PCR was performed using an All-in-One miRNA qRT-PCR Detection Kit (GeneCopoeia). The relative expression of TAp63 was normalised using the 2 À DDCT method relative to GAPDH. The relative expression of miR-133b was normalised using the 2 À DDCT method relative to U6-snRNA. All PCR reactions were run in triplicate.
Western blotting. Cells were lysed in a lysis buffer and centrifuged at 14 000 g at 4 1C for 10 min. The supernatants were collected, and a BCA protein assay was performed. A volume of extract equivalent to 100 mg total protein was separated on a 10% polyacrylamide gel and transferred to PVDF membranes (Invitrogen). The membranes were blocked at 37 1C with 5% dry milk in PBST for 2 h and then incubated with primary antibody at 4 1C overnight. After washing with PBST, the membranes were incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody for 60 min at room temperature. The images were obtained on Kodak film (Shanghai, China) and quantified by densitometry (Beckman, South Pasadena, CA, USA). All experiments were performed in triplicate.
Immunofluorescence. The cultured HT-29 and SW-620 cells were washed three times with PBS and blockaded with 10% rabbit serum at 37 1C for 30 min. After washing with PBS, the cells were incubated with the primary antibody overnight at 4 1C (1 : 100). Then, the cells were incubated with Alexa Fluor 488 Goat Anti-Rabbit IgG (1 : 100) for 30 min at 37 1C and washed with PBS. Observation and photography were performed with an Olympus multifunction microscope (Olympus BX51, Beijing, China).
ChIP. HT-29 and SW-620 cells (5 Â 10 6 ) were crosslinked for 10 min in a solution containing 1% formaldehyde, and ChIP assays were performed using a Chromatin Immunoprecipitation Kit, referring to the manufacturer's instructions. Cell lysates were associated to obtain chromatin fragments of B200-1000 bp. The immunocomplex was immunoprecipitated using a specific antibody anti-TAp63 and non-specific IgG as a technical control. Collected DNA fragments were tested by PCR using three sets of primers located in the miR-133b promoter, amplifying the p53 putative responsive elements (RE) found in the miR-133b promoter. RE-I: forward 5 Promoter cloning. The luciferase reporter plasmid, the expression of which is controlled by the miR-133b promoter sequence, was modified from the pGL3-Basic vector. The miR-133b promoter sequence containing the three p53 elements was amplified using specific oligos (forward 5 0 -TGCAAACACTTGCAGCTGAG-3 0 and reverse 5 0 -TGACTGCAGCCTCTAGTGTG-3 0 ; 2000 bp), cloned in the PCR 2.1 vector and restricted with NheI and XbaI. This fragment was then cloned in a luciferase vector that had previously been restricted with the same enzymes.
Luciferase assay. HT-29 and SW-620 cells were transiently transfected with miR-133b (miR-133bWT or mutated RE-III) promoters and Renilla luciferase cDNA in the presence or absence of TAp63 using Lipofectamine 2000. SW-620 and HT-29 cells were transiently transfected with wild-type (Wt-RhoA) or mutant (Mut-RhoA) reporter plasmid containing miR-133b potential binding sites in the presence or absence of miR-133b using Lipofectamine 2000. Luciferase assays were performed 36 h posttransfection using the Dual-luciferase assay system, and they were normalised for transfection efficiency with co-transfected Renilla luciferase. Mut-RE-III was obtained by mutating the core binding sequence AGGTTGCA. All experiments were performed in triplicate. Transwell invasion assay. A transwell invasion assay was performed using a transwell system (24 wells, 8 mm pore size with poly-carbonate membrane) and Matrigel according to the manufacturer's instructions. First, 1 Â 10 5 cells were seeded into the upper chamber with serum-free optiMEM medium. optiMEM with 10% FBS was put into the lower compartment as a chemoattractant, and the cells were allowed to invade for 48 h. The remaining cells in the upper chamber were scraped out by a cotton swap. Matrigel membranes were fixed with ice-cold methanol and stained with 0.1% crystal violet solution. The number of cells that migrated to the lower side was counted in five randomly selected fields under a light microscope. The cell number was counted and analysed statistically.
Transwell migration assay. For the migration assay, the cells were seeded in upper chambers without coated Matrigel. The rest of assay was performed as the invasion assay. The number of cells that migrated to the lower side was counted in five randomly selected fields under a light microscope. The cell number was counted and analysed statistically.
Statistical analysis. Quantitative data were analysed using SPSS (version 11.0, Armonk, NY, USA) and expressed as the mean ± s.d. Statistical differences between groups were compared using ANOVA and two-tailed t-tests. The level of statistical significance was set at Po0.05. All experiments, ANOVA and twotailed t-tests were repeated three times.
RESULTS
Decrease of TAp63 expression in human colon cancer. The TAp63 expression in HT-29, SW-620 and CCD-18Co cells was verified by RT-PCR, western blotting and immunofluorescence. 
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The RT-PCR, western blotting and immunofluorescence positive results are shown in Figures 1A-C , respectively. The TAp63 expression level in HT-29 and SW-620 cells was much lower than that in CCD-18Co cells. Further, we analysed the expression of TAp63 in human colon cancer tissue and paired counterpart normal tissues using RT-PCR and western blotting. Lower levels of TAp63 were detected in the tumour tissues compared with the normal tissue (Figure 2 ).
TAp63 drive the expression of miR-133b. To investigate whether this association was due to a functional relationship between TAp63 and miR-133b, we overexpressed TAp63 by transfecting HT-29 and SW-620 cells with vectors expressing TAp63 and measured the miR-133b expression levels. After the transfection, the expression of TAp63 was detected by RT-PCR and western blotting, which showed a significant increase in TAp63 expression ( Figures 3A and B) . This result was confirmed by qRT-PCR; HT-29 and SW-620 cells transfected with vectors expressing TAp63 induced a 132-fold increase in TAp63 mRNA expression ( Figure 3C ). Next, we detected the level of miR-133b by qRT-PCR. Figure 4D shows that the expression of miR-133b was induced roughly 18-fold by TAp63. To assess whether miR-133b is a transcriptional target of TAp63, we performed ChIP analysis for a site matching the p63 consensus binding site. Because p63 can bind to p53 consensus sequences (Antonini et al, 2010) , we screened a region of B2000 bp upstream of the miR-133b transcriptional start site for consensus p53 response elements (p53RE) by TRANSFAC. Three putative p53-binding sites were chosen as follows ( Figure 3G ): RE-I located at À 1904/1894, RE-II at À 1376/1366, and RE-III at À 584/ À 576. To determine which of the p53REs is bound by TAp63, we performed both a ChIP experiment and a luciferase assay with p53RE. TAp63 bound to the p53RE-III site ( Figure 3E ) but not to p53RE-I or p53RE-II. The entire 2 000-bp region was cloned upstream of a luciferase reporter and co-transfected with TAp63 or empty vector in HT-29 and SW-620 cells. TAp63 resulted in an approximately 2.5-fold enhancement of promoter activity with the p53-binding site, and a loss of promoter activity was observed using a mutated p53RE-III ( Figure 3F ), thus demonstrating that p63 directly drives the miR-133b promoter via the binding site. TAp63 modulate RhoA expression via miR-133b. Based on the fact that TAp63 drives the expression of miR-133b and participates in the process of EMT, we asked whether the cellular levels of a miR-133b target, RhoA, would also be affected by the expression of TAp63. The RhoA expression in HT-29, SW-620 and CCD-18CO cells was assessed by RT-PCR, western blotting and immunofluorescence. The RhoA expression levels in HT-29 and SW-620 cells were both much higher than that in CCD-18CO cells (Supplementary Figures S3 A-C) . RhoA had been reported as a target for miR-133b in cervical carcinoma (Qin et al, 2011) . Here we also identified a 3 0 -untranslated region (3 0 -UTR) of RhoAmRNA as a potential miR-133b target in colon cancer cells (Supplementary Figure S1A , *Po0.05). To confirm that TAp63 regulates the expression of RhoA, we transiently transfected HT-29 and SW-620 cells with vectors expressing TAp63, resulting in a reduction of RhoA levels around 40%, as detected by RT-PCR and western blotting. Similarly, transiently transfecting HT-29 and SW-620 cells with miR-133b mimics also resulted in a reduction of about 45% of RhoA at both the mRNA and protein levels, as detected by RT-PCR and western blotting. We then tested whether the modulation of RhoA expression by TAp63 required miR-133b; a vector expressing TAp63 was co-transfected with miR-133b inhibitor in HT-29 and SW-620 cells. The levels of RhoA were detected by RT-PCR and western blotting. We found that the RhoA levels remained unchanged in the presence of the miR-133b inhibitor. Therefore, TAp63 represses RhoA expression through the direct activation of its target miR-133b (Figures 4A-D) .
TAp63 affects the expression of epithelial and mesenchymal markers. Blocking the expression of RhoA could inhibit the upregulation of the expression of epithelial and mesenchymal markers, and its repression is independent of its Rho-kinase activity (Hutchison et al, 2009) . Here, we wanted to assess whether TAp63 can affect the expression of E-cadherin and vimentin through miR-133b. In HT-29 and SW-620 cells transfected with vectors expressing TAp63, the expression of E-cadherin was increased at both the mRNA and protein levels, whereas the expression of vimentin was reduced. Similarly, the transfection of miR-133b mimics also produced an increase in E-cadherin mRNA and protein, with a reduction in vimentin expression. Co-transfection of TAp63-expressing vectors with the miR-133b inhibitor rescued the expression of E-cadherin and vimentin (Figures 5A-D) . The increase in E-cadherin expression, after transfection with vectors expressing TAp63, in adherens junctions and cell-cell contacts was confirmed by immunofluorescence ( Figure 6A ). The reduction in vimentin expression, after transfection with vectors expressing TAp63, was also confirmed by immunofluorescence ( Figure 6B ). vimentin targets suggests that TAp63 may have an important role in cell invasion and migration through miR-133b. To assess this, we performed transwell invasion assay and transwell migration assay. The transwell invasion assay was implemented to investigate the effect of TAp63 on the invasion of HT-29 and SW-620 cells. The transwell migration assay was implemented to investigate the effect of TAp63 on the migration of HT-29 and SW-620 cells. As shown in Figure 7 , the invasion of HT-29 and SW-620 cells was restrained by overexpressing TAp63, compared with those transfected with the empty vector (*Po0.05). Similar results were obtained following the transfection of cells with miR-133b mimics. Conversely, cell invasion remained unchanged in cells co-transfecting the TAp63-expressing vector with the miR-133b inhibitor ( # P40.05). To further test the influence of TAp63 on cell migration, we performed a transwell migration assay. As shown in Figure 8 , the migration of HT-29 and SW-620 cells was restrained by overexpressing TAp63, compared with those transfected with the empty vector (*Po0.05). Conversely, cell migration remained unchanged in cells co-transfecting the TAp63-expressing vector with the miR-133b inhibitor ( # P40.05).
Effects of TAp63 overexpression on cell proliferation and apoptosis. To investigate whether overexpression of TAp63 has an influence on cells' proliferation in vitro, proliferation assay was performed to detect the proliferation of HT-29 and SW-620 cells. We did not observe a significant difference in in vitro cell proliferation between the TAp63-overexpressing group and the control (Supplementary Figures S2A and B, # P40.05). To evaluate accurately the effect of overexpression of TAp63 on the apoptotic rate of HT-29 and SW-620 cells, the flow cytometry analysis was performed to measure the amount of apoptotic cells. Our data revealed that apoptosis rate inTAp63-overexpressing group was similar with the control (Supplementary Figures S2E and F (Suh et al, 2006; Gallegos et al, 2008) . DNp63 isoforms enhance cell proliferation and repress apoptosis (Yang et al, 1998) , whereas TAp63 isoforms can repress cell cycle progression (Wu et al, 2003) and induce cell apoptosis (Hsueh et al, 2013) . As a consequence of its involvement in cancer formation and progression, TAp63 is usually reported to be deregulated in some types of carcinomas. We have previously reported that miR-133b expression was greatly downregulated in human colon cancer cells. The studies of both Akc¸akaya and Navon et al showed similar results (Navon et al, 2009; Akc¸akaya et al, 2011) . However, to our knowledge, there has been no exhaustive characterisation exploring the cause of miR-133b downregulation in colon cancer. Recently, some studies have shown a close relationship between miRNAs and TAp63. In particular, TAp63 has been shown to suppress metastasis through the transcriptional regulation of miR-34a and miR-130b (Su et al, 2010) . Although many studies have demonstrated that TAp63 is clearly a transcriptional activator and showed the possibility of miRNA involvement in its regulation, the potential relationship between the transcription factor function of TAp63 and miR-133b expression in colon cancer is not clear. During our study, we found that the expression of TAp63 is downregulated in colon cancer, similar to miR-133b. Moreover, when TAp63 was upregulated, we observed a rescue of miR-133b processing. Interestingly, the data showed a large discrepancy between the effects of TAp63 overexpression on TAp63 mRNA and protein levels: HT-29 and SW-620 cells transfected with vectors expressing TAp63 induced a 132-fold increase in TAp63 mRNA expression, whereas protein levels induced only about two-fold increases. In accordance with the study by Carroll et al (2006) , the discrepancy between mRNA levels and protein expression indicates a post-transcriptional regulation analogous to that seen in p53 (Carroll et al, 2006; Gu et al, 2006) . This remarkable level of correlation between the expression of TAp63 and miR-133b strongly suggests that miR-133b may be a transcriptional target of TAp63. To assess this hypothesis, we performed a Chip analysis and found a significant level of p63 binding at the miR-133b promoter. Luciferase assays proved that TAp63 transactivated the miR-133b reporter. Our study offers a framework for understanding the basis of miR-133b downregulation in colon cancer. In addition to regulating the expression of miR-133b, we proved TAp63 to be an important regulator in the process of metastasis via miR-133b. TAp63 has been implicated in the process of tumour metastasis formation through the downregulation of E-cadherin and upregulation of vimentin. RhoA, a type of GTPase, is strongly correlated with the metastasis through the activation of RhoA/ ROCK signalling and the modulation of the expression of epithelial and mesenchymal markers (Cheng et al, 2012) . In the past, most of the researchers studying the relationship between RhoA and metastasis focused on the activity of RhoA. However, recently, some studies have shown that miRNA can promote cell migration by overexpressing RhoA, which is related to the activation of the metastasis (Yau et al, 2013) . Moreover, blocking the expression of RhoA could inhibit the upregulation of the expression of epithelial and mesenchymal markers; its repression is independent of its Rho-kinase activity (Hutchison et al, 2009 ). Our results demonstrate that TAp63-overexpressing cells have lower expression levels of RhoA through the direct activation of miR-133b. And the expression of E-cadherin was increased when colon cancer cells were transfected with vectors expressing TAp63, whereas the expression of vimentin was reduced. In a word, our study suggests a role for TAp63 in the modulation of RhoA and epithelialmesenchymal markers via miR-133b. According to the effects of the expression of RhoA and epithelial-mesenchymal markers, TAp63 has an important role in cell migration and therefore in metastasis, rather than directly affecting the proliferation and apoptosis of colon cancer cells. This is the first study reporting the role of TAp63's modulation of RhoA and epithelial-mesenchymal markers via miR-133b; this result suggests a potential strategy to inhibit metastasis in colon cancer by targeting TAp63 and miR-133b.
In conclusion, the present study demonstrated that TAp63 directly regulates miR-133b transcription and modulates the expression of RhoA and epithelial-mesenchymal markers in colon cancer. These findings suggest transcriptional mechanisms that govern miR-133b expression in colon cancer and indicate novel activators of miR-133b that are implicated in metastasis. In addition, the TAp63/miR-133b axis may be a useful clinical predictor of metastatic behaviour in colon cancer, revealing a new therapeutic target to prevent the spread of this cancer.
